Abstract-This paper presents the analytical design formulas for the bandpass filters which are built on the asymmetrically coupled-line conductor-backed coplanar transmission lines (CBCTLs) in multilayer configuration. The full-wave simulation is employed to characterize the far-field patterns of space-wave and surface-wave radiations as well as the frequency-dependent conductor, dielectric, and radiation losses. Good agreement among the results of full-wave simulation, transmission-line model, and measurement justifies the design procedure and validates the analytical design formulas. By properly placing the dielectric materials in multilayer configuration, a bandpass filter for minimizing the radiated power loss and improving the stopband characteristic can be achieved.
INTRODUCTION
High-performance filters represent a critical and substantive portion of any communication system [1] [2] [3] [4] [5] [6] [7] . To improve the filter performance in the microwave and millimeter-wave regimes, the power losses due to conduction and radiation must be reduced as low as possible [8] [9] [10] [11] . The requisite weak coupling in the conventional end-coupled microstrip or CPW filters for narrower bandwidth are usually realized by keeping the resonant elements far apart, which results in the undesirable radiation effect from gap discontinuities and leads to the primary cause of losses in the millimeter-wave range [12] [13] [14] [15] . Although the unwanted radiation can be suppressed by adopting housing, this would inevitably increase the engineering cost and deteriorate the upper stopband of a filter due to the excitation of waveguide modes [16, 17] .
Recently, there has been increasing interest in multilayer bandpass filters to meet the challenges of size, performance, and cost requirements [18] [19] [20] [21] [22] [23] [24] [25] . However, most of the multilayer filters were analyzed by quasi-static or full-wave methods [10, 18] , and their designs have been limited to the quarter-wavelength coupled-line sections only [22] . Furthermore, the multilayer bandpass filters utilizing aperture coupling on common ground seem to require an elaborate package [24] . These studies did not consider the loss mechanism, such as the losses due to dielectric, conductor, and radiation in multilayer configuration.
In this paper, the filter structures implemented by the overlapped-gap-coupled coplanar transmission lines on the multilayer dielectric substrate with back conductor are investigated theoretically and experimentally. Specifically, the far-field radiating gain patterns and the power loss mechanisms caused by conductor, dielectric, and radiation are further investigated. Moreover, the design formulas for the multilayer bandpass filters are presented. The utilization of the backside metallization in the CBCTLs [26] not only enhances mechanical strength and facilitates heat sink, but also suppresses the undesired space-wave radiation. Moreover, the modified double-layer structure using the lossy substrate with smaller dielectric constant on the bottom can further prevent the surface-wave propagation between the upper and lower grounds of CBCTLs [27] [28] [29] . In Section 2, a distributed circuit consisting of multilayer CBCTL is proposed to model the coupled sections in filters. By applying the coupled-line and the microwave network theories, the overlapped-gap-coupled CBCTL is made equivalent to an admittance inverter for the filter design from which the analytical design formulas for the multilayer bandpass filters may be established. Section 3 illustrates the design procedure for the equal-ripple bandpass filter according to the given specifications and demonstrates the measured results. In Section 4, various types of dielectric media adopted in the single-layer or multilayer configurations are discussed. The loss mechanisms associated with dielectric, conductor, and radiation, and the far-field radiating gain patterns of space wave and surface wave are also investigated. Finally, some conclusions are drawn in Section 5. Fig. 1(a) shows the basic layout pattern and corresponding coordinates of the proposed multilayer coupled-linebandpass filter. Here, the input signal is fed to the conductor-backed coplanar waveguide with finite-width upper ground planes and is then coupled to the buried center conductors through the gap-coupled mechanism between the overlapped signal strips on different layers. Unlike the conventional end-coupled microstrip or CPW bandpass filters which have the open gaps on the top of the substrate, this multilayer filter structure realizing the end-coupled resonators in different dielectric layers would results in smaller radiation. The cross section and its corresponding physical dimensions with the symmetrical plane are depicted in Fig. 1(b) . Usually, the input, output, and coupled CBCTLs have the same characteristic impedance of Z 0 = 50 Ω. The line dimensions, such as w 1 , g 1 , w 2 , and g 2 for line sections of lengths l 1 and l 2 , can be determined by implementing the circuit on the substrates with parameters ε r1 , ε r2 , h 1 , and h 2 . To avoid the circuit discontinuities on the same layer, the CBCTLs are realized to possess the same line dimensions even on the coupled sections. Hence, the only dimensions that have to be determined for filter design are the lengths of coupled section l ci and resonator l i , i = 1, 2. To achieve narrower passband, the coupling should be weakened so that l c1 and l c2 are very small compared with the operating wavelength.
DESIGN FORMULA
The design formulas are established by equating the parameters of the shorted coupled-line section with open-circuited ends to those of the π-equivalent network. The ABCD matrix of the open-ended asymmetrical coupled lines with small electrical length θ c shown in Fig. 2(a) may be approximately expressed as [30] A
where 
and v 0 is velocity of light. Here, c mn and c 0mn , m, n = 1, 2, are elements of the per-unit-length capacitance matrices of the coupled CBCTLs with and without the dielectrics, respectively.
Comparing (1) with the ABCD parameters of π-equivalent network shown in Fig. 2(b) , the admittances can be approximately determined as By adding series Z s1 on Y p1 and Z s2 on Y p2 to create the T -equivalent circuit of a cascaded transmission line, this π-connected network can be made equivalent to the one with shorted lines on either side of the series admittance jB as illustrated in Fig. 2(c) . The parallel and series elements of the T -equivalent circuit of a shorted line are
The series admittance in Fig. 2 (c) can be evaluated as
Substituting (4), (5), and (6) into (7), the electrical length of the coupled section can be written as
where
The equivalent circuit of the i-th admittance inverter J i , i = 1, 2, can then be obtained by the combination of the series admittance jB i , the shorted lines with electric lengths θ i1 and θ i2 , and the negative-length transmission lines with electrical lengths Finally, the design formulas for the physical lengths of the i-th coupled section and resonator can be established [31] 
, β i is the phase constant of the i-th CBCTL, and β ci and β πi are the phase constants of the c-and π-modes of the i-th coupled lines. Once the lengths of the coupled sections and the resonators are suitably modeled, the multilayer bandpass filter can be successfully designed subject to the desired specifications.
IMPLEMENTATION OF FILTERS
In this section, the design procedure for the multilayer filter shown in Fig. 1 is presented according to the following specifications
• characteristic impedance of the system 50 Ω,
• substrate thickness h 1 = 0.635 mm and h 2 = 1.6 mm, dielectric constant ε r1 = 10.2 and ε r2 = 4.4, and loss tangent tan δ 1 = 0.0023 and tan δ 2 = 0.016, • center frequency 2 GHz with a 0.5 dB equal-ripple passband characteristic, • 3-dB bandwidth 10%, • attenuation at least 20 dB at 2.3 GHz.
The design procedure is summarized below:
• All the feeding and coupled CBCTLs for the specific multilayer substrates are chosen to have identical characteristic impedance 50 Ω, giving the dimensions of w 1 = 1.2 mm, g 1 = 0.4 mm, w 2 = 1 mm, g 2 = 0.5 mm, and w g = 4 mm.
• The capacitance matrix of the asymmetrically coupled sections can be determined by using the coupled-line theory [32] .
• The order of the filter, the elements of lowpass prototype, and the values of Z 0 J i and B i can be determined as listed in Table 1 by using the filter synthesis technique for gap-coupled configuration [7] . Table 1 . Element values for lowpass prototype and bandpass filter together with the calculated l cn and l n · l n are also included. To compensate the open-ended fringing effect, the section lengths should be shortened. After adjusting the geometrical dimensions for optimal response, the lengths of coupled sections and resonators are finally chosen to be l c1 = 4.7 mm, l c2 = 1 mm, l 1 = 21.6 mm, and l 2 = 29.5 mm. Fig. 4 also shows the full-wave simulated and measured S parameters of the proposed filter. The measured |S 21 | is about −1.4 dB in the passband region. Good agreement among the results of measurement, transmission-line model, and full-wave simulation validates the accuracy of the present modeling and design formulas.
LOSS AND RADIATION CHARACTERISTICS
To demonstrate the advantages of the proposed multilayer filters, the performances of three different bandpass filters are examined in this section. These circuit configurations are listed in Table 2 , with the corresponding dimensions shown in Table 3 . The finite-element electromagnetic field solver, Ansoft HFSS, is employed to investigate the loss mechanisms associated with conductor, dielectric, and radiation, as well as the far-field radiating gain patterns of space wave and surface wave of the three kinds of filters. The time-average powers associated with the conductor, dielectric, and radiation losses are determined from the expressions (11) and (13) are the conductor surface of the filter and the absorption boundary surface enclosing the filter, respectivity. Hence, the radiated power due to the space wave and surface wave can be obtained by integrating the Poynting vector through S o . The symbol V d in (12) represents the volume of the dielectric materials within the filter. The electric fieldĒ, magnetic field Kuo, Liou, and Maō H, and tangential magnetic field H t are available by the finite-element field solver [33] .
With P c , P d , P r , and the total power loss P total = P c + P d + P r for the filter types I to III. Here, the power loss ratio represents the one normalized to the input power of the filter. The measured power loss ratio obtained by P L = 1 − |S 11 | 2 − |S 21 | 2 is also included for comparison.
Although the type-I filter fabricated on RT Duroid 6010.2 with smaller loss tangent may decrease the dielectric loss, the radiated power loss P r is considerably larger than P c and P d as shown in Fig. 6 , which reveals that this significant radiation is due to the absence of back metallization. To reduce this radiation loss, the type-II filter backed by the lower ground plane is proposed. The suspendedsubstrate configuration is used to implement the type-II filter with the air dielectric substrate at layer 2. Due to this conductor backing, its peak radiation loss is reduced to lower than 23%, as depicted in Fig. 7 . However, this air-filled configuration may excite the undesirable parallel-plate waveguide mode at 2.7 GHz and deteriorates the upper stopband response as shown in Fig. 5 . The transmission zero at 2.7 GHz shown in Fig. 4 is due to the non-TEM mode excited in the inhomogeneous dielectric substrate configuration. Since the cutoff frequency of the parallel-plate mode is very low and the operating bandwidth is very wide, it is impossible to create such a wide stopband to eliminate parallel-plate mode. In this paper, the parallel-plate waveguide mode is suppressed by using the symmetrical coaxial connectors at the input and output ports and also connecting the top and bottom ground planes of the CBCTL.
To further minimize the coupling effect of the waveguide mode with the CBCTL mode, the type-III filter is proposed. This configuration, which places a thicker lossy layer (dielectric 2) on the bottom, can suppress the parasitic waveguide mode on the IIII dielectric 2 region without affecting the passband characteristic [34] . The suppression of waveguide mode is experimentally verified and also depicted in Fig. 5 . When the half-wavelength resonators are resonating at around 2.025 GHz, the radiation and dielectric losses become larger, which results in a considerable total loss as shown in Fig. 8 . The larger measured power loss is also observed except for small frequency shift. The discrepancy between P total and P L can be partly attributed to the dimensional variance and material tolerance when manufacturing the filter. In spite of this, the agreement among them is quite well, and the power loss ratio for each filter type is still reasonable.
The radiation from filter may cause serious problems in the proximity of circuits than the losses caused by conductor and dielectric. Therefore, it is interesting to further investigate the radiation characteristics of these filters, which have the same finite sized substrate and lower ground plane (97.7×30 mm 2 ). The calculated radiating gain patterns of filters on the y-z and x-y planes are illustrated in Figs. 9(a) and (b), respectively. These patterns are determined at the operating frequencies at which the power in Figs. 6-8 is maximum. For the type-I filter, the significant radiation is mainly due to the gap discontinuities, which lead to the pattern resembling that of a short magnetic dipole as shown in Figs. 9(a) and (b) . Although the type-II filter with backside conductor may reduce the radiating gain on the y-z plane to lower than −15 dBi, the considerable surface wave directing at φ = 30 • and 150 • with −8 dBi on the azimuthal plane is observed as depicted in Fig. 9(b) . Compared to the results of type-I and -II filters in Fig. 9 , the type-III filter has the smaller radiated power on both the y-z and x-y planes. Therefore, the type-III filter is attractive in suppressing the waveguide mode and improving radiation loss, thus avoiding the undesired electromagnetic interference in high-density circuits.
CONCLUSION
In this paper, the analytical design formulas have been developed to characterize the multilayer bandpass filter. The equivalence between the overlapped-gap-coupled CBCTL and the admittance inverter has been established. The critical dimensions of the filter, which are the lengths of coupled lines and resonators, can then be obtained by the analytical formulas that are suitable for computer-aided-design purpose. The full-wave approach utilizing the commercial field solver and Poynting power calculation has been proposed to characterize the far-field radiating gain patterns and the power loss mechanisms caused by conductor, dielectric, and radiation. Specifically, the type-III configuration for multilayer bandpass filter has been found to be useful for minimizing the power loss and improving the stopband characteristic. Experiments have been carried out to validate the design formulas for the multilayer filter. The proposed multilayer filter with lower radiation loss and better stopband behavior is applicable to the high-performance multilayer integrated module for system-on-package applications.
